relationship between dark diversity and the invasion potential of alien species in semi-natural grasslands 56 (Bennett et al., 2016) . Dark diversity has also proven valuable in understanding plant diversity patterns, such 57 as determining that vascular plant dark diversity across Europe follows a latitudinal gradient (Ronk et al., 58 2015) . So far, the plant traits likely to increase a species' probability of being part of the dark diversity 59 include stress intolerance, tall, adaption to low light and nutrient levels, and producing fewer and heavier 60 seeds (Riibak et al., 2017 , Moeslund et al., 2017 , Riibak et al., 2015 . Understanding the ecological processes 61 governing plant dark diversity is important since vascular plants can not only predict biodiversity across 62 environmental gradients and broad taxonomic realms, but are also related to the occurrence of regionally red-63 listed species of other taxa (Brunbjerg et al., 2018) . Furthermore, plants are bio-indicators of their abiotic 64 environment and anthropogenic impact (Bartelheimer and Poschlod, 2016) , and they form the living and 65 dead organic carbon pools and biotic surfaces that are the niche space for all other taxonomic groups 66 (Brunbjerg et al., 2017b) . Nevertheless, as a relatively new concept, more research is required to establish its 67 full potential and to understand the ecological processes governing dark diversity across plant communities. 68
Dark diversity can also be used to derive community completeness, a relativized biodiversity index, 69 which has been proposed as a valuable tool for facilitating biodiversity comparisons irrespective of regions, 70 ecosystems, and taxonomic groups (Pärtel et al., 2013) . The community completeness index can be defined, 71 in general terms, as the proportion of species from the regional species pool which have dispersed to and 72 established at a site after abiotic and biotic filtering (Pärtel et al., 2013) . Since patterns in observed species 73 richness may mimic patterns in dark diversity (e.g., exhibit a strong latitudinal gradient) (Aning, 2017 , Ronk 74 et al., 2015 , Pärtel et al., 2011 , Zobel, 1997 , community completeness can provide a better measure of 75 biodiversity as it accounts for the variation in species pool size and expresses biodiversity on a relative scale assumes to account for prevalent competitive interaction which is a major factor influencing species 93 occurrence patterns (de Bello et al., 2012, Cornell and Harrison, 2014) , especially in plant communities 94 (Riibak et al., 2015) . Despite co-occurrence being successfully implemented as a proxy for species 95 ecological requirements and competition, this assumption has not been examined. Another potential issue is 96 that many ecological processes are scale dependent with different spatial scales inherently including varying 97 amounts of environmental heterogeneity (Scott et al., 2011) . However, most of dark diversity research has 98 ignored the variability between types of habitats and have mostly been restricted to narrow sets of variables 99 and specific habitats (Riibak et al., 2015) or largescale landscapes (Ronk et al., 2016 , Ronk et al., 2015 , with 100 no studies examining how dark diversity varies across large environmental gradients or the importance of 101 local conditions and biotic interactions. One way to consider the roles these factors play in dark diversity 102 measurements can be provided with the recently developed ecospace framework which recognizes the 103 influence of environmental gradients (defined as position), availability of biotic resources (defined as 104 expansion), and the spatiotemporal extent of habitats (defined as continuity) in determining biodiversity 105 (Brunbjerg et al., 2017b) . This framework can help us better quantify and determine the different aspects that 106 each contribute and how they relate to the various diversity metrics. 107
In this study, we investigate the importance of local environmental conditions that determine dark 108 diversity and completeness in plant communities across broad environmental gradients and compare these 109 measures with the observed richness. We use the ecospace concept to investigate how abiotic condition, 110 biotic resources and spatiotemporal processes relate to these biodiversity measures. To examine the 111 assumption that co-occurrence can be a proxy for competitive exclusion, we used the community mean of of plant competition (Grime C) using the community mean plant competitive score (Grime, 1979) which is plots, i.e., those with less than five observed species, i.e., resulting in 448 plots from Biowide and 52362 187 plots from the reference data set. The regional pool was calculated using Beals index (Beals, 1984) , as 188 recommended by (Lewis et al., 2016) . The Beals index represents the probability that a particular species 189 will occur within a given site based on the assemblage of co-occurring species (Beals, 1984 , Münzbergová 190 and Herben, 2004 , McCune, 1994 . We calculated Beals index using the 'beals' function in the 'vegan' 191 package (Oksanen et al., 2017). The threshold for including a particular species in the regional species pool 192 is recommended to be the 5 th percentile of the Beals index value for the species in question (Gijbels et al., 193 2012, Ronk et al., 2015) . Preceding the calculation of each threshold, the lowest Beals index value among 194 plots with occurrence of the species in question was identified, and all plots having values below that 195 minimum were not considered. 196
Analyses were done at the site level (n=115) by creating a site regional pool combining the four plot 197 regional pools at each site. Observed species in the site, but not included in the regional pools (n=2) were 198 added to the regional pools to ensure that site regional pool included all observed species. Then, dark 199 diversity was calculated for each plot as the difference between the regional pool and the observed species this study we found that completeness was highly correlated with observed species richness ( Figure 2) . 205 Therefore, we obtained a dark diversity measure corrected for habitat differences by using the residuals of a 206 model of dark diversity as a function of the habitat type, which we termed Bio-stratum, a classification of the 207 sites using all inventoried species data, i.e., plants, fungi, insects, etc., resulting in eight classes spanning 208 gradients in succession (Early, Late), moisture (Wet, Dry) and nutrients (Rich, Poor). The habitat types 209 explained 51% of the variation in dark diversity. (Table 2) . 234
We found position variables to be important for dark diversity and plant species richness (Figure 3 Discussion diversity aspects. Therefore, we explore residual dark diversity, another measure independent of habitat type. differences between habitat types were accounted for, i.e. residual dark diversity, the position variables were 249 no longer significant. Plant richness was highest at intermediate conditions of soil fertility and pH, 250 corresponding to the intermediate productivity hypothesis, which states that few species can tolerate the 251 environmental stresses at low productivity and a few highly competitive species dominate at high 252 productivity (Fraser et al., 2015) . Species richness increased with pH, possibly corresponding to the 253 generally large regional species pool in calcareous habitats, and aligns with previous research indicating that 254 plant diversity has a strong positive association with soil pH in temperate and boreal regions (Pärtel, 2002 , 255 Pärtel et al., 2004 . The unimodal relationship between dark diversity and soil moisture may be due to 256 communities at the extremes being more distinct than communities at intermediate soil moisture, i.e., 257 specific adaptations for waterlogged and very dry soil are required (Ernst, 1990). Therefore, fewer 258 coincidental species may appear in these extreme habitats compared to habitats of intermediate moisture, 259 resulting in a low estimated regional pool and lower dark diversity at the extremes. 260
Regarding the expansion variables, variation in shrub height was negatively correlated with dark 261 diversity and positively correlated with species richness, indicating that vegetation heterogeneity (and 262 resulting local variation in light, temperature, etc.) increases the establishment and survival of species (Stein 263 et al., 2014) . Previous research has shown that shrub height can increase species richness in competitive 264 environments as variance in heights can ameliorate conditions to neighboring plants and cause biomass to be 265 distributed in vertical space, thereby reducing competition for space (Bråthen and Lortie, 2016). We also 266 found bare soil had a negative effect on species richness as would be expected since more bare soil will by 267 definition have fewer observed individuals and species. The only expansion variable to influence both dark 268 diversity measures (and the only expansion variable influencing the residual dark diversity) and species 269 richness was soil organic carbon, which had a negative relationship with both dark diversity and species 270 richness. Previous studies have also indicated that native and exotic richness is lower with higher soil organic 271 carbons (Perelman et al., 2007) . These results may be due to temporal continuity and the effect on the 272 various successional levels on the accumulation of soil organic carbon. For example, more established and 273 complete communities (e.g., old forests) accumulate greater organic carbon but exhibit lower species 274 diversity (Garnier et al., 2004) . This may also be true for species poor acidic habitats like mires, bogs and 275 heaths, which were represented in this study. Competition plays a large role with early successional species 276 able to modify the environment through rapid growth and inhibit the success of species currently present, 277 while later stage communities are typically composed of the most competitive species and replace earlier 278 succession species (Connell and Slatyer, 1977) . Therefore, the potential species that can inhabit the area may 279 be restricted by competitive species. This competitive advantage inherit in late successional communities 280 results in greater dark diversity, corresponding to our result that Grime C is important for plant dark 10 diversity. The positive effect of Grime C on dark diversity indicates that there are more species missing from 282 communities dominated by competitive species. The effect on plant species richness was opposite, likely 283 because dominant competitive species exclude other species, thereby reducing the overall plant species 284 richness. It seems that competition does not affect the species pool, otherwise suitable species would become 285 locally extinct due to dominant species, but they still remain in dark diversity and can be restored if 286 competition is controlled (e.g. disturbance). Spatial continuity, in this case natural landscape, was only 287 important for residual dark diversity, whereas competition was not important. One possibility is that the 288 habitat types account not only for variation in position but also the inherent competitive strategies of the 289 species in the habitat types e.g., late successional stages dominated by competitive species, possibly 290 explaining why competition is not important for residual dark diversity. Natural landscapes may decrease 291 dark diversity by influencing local processes, i.e., landscapes with high nature density are likely to have a 292 higher local pool of species, increased dispersal, increased species survival, metapopulation structures, and 293 less negative edge-effects of intense land use (Brunbjerg et al., 2017b). Another explanation why natural 294 landscape was only significant for residual dark diversity may be that the effect of habitat type and position 295 variables it is large and masks all other effects in both dark and observed diversity. This effect is only visible 296 when these variables are accounted for. 297
This study shows that there are many different methodologies to measure biodiversity, and that they 298 contribute with different aspects to better understand drivers of diversity, with their applicability depending 299 on the desired objectives and goals. For example, if looking at the effects of organic carbon on species 300 richness one may conclude that carbon capture and storage may lead to loss of species richness, however 301 dark diversity indicates that carbon storage could increase habitat completeness. Just like there are dozens of 302 different ways to measure species diversity (Lyashevska and Farnsworth, 2012) , there are also many ways to 303 calculate dark diversity. Besides the typical co-occurrence measure, dark diversity can also be calculated as 304 Here, we compared dark diversity and completeness, but found that 307 completeness was highly correlated with observed species richness. We therefore advocate to compare and 308 analyze different diversity measures as both dark diversity and completeness are still relatively new metrics. 309 Furthermore, applying dark diversity within one habitat type, e.g., as seen for grasslands (Riibak et al., 2015) 310 may produce adequate results, however, when applying dark diversity across habitat types or broad 311 environmental gradients, correcting for these differences through a residual dark diversity measure may 312 provide more interpretable results. 313
With global biodiversity rapidly disappearing, it is vital to understand the drivers of biodiversity to 314 prioritize conservation and make management more efficient. In this study, besides the ecospace position 
